The requirement for aromatic amino acids during the rapid catch-up in weight phase of recovery from severe childhood undernutrition (SCU) is not clearly established. As a first step, the present study aimed to estimate the tyrosine requirement of children with SCU during the catch-up growth phase of nutritional rehabilitation using a diet enriched in energy and proteins. Tyrosine requirement was calculated from the rate of excretion of 
In severe childhood undernutrition (SCU) amino acids available for metabolic purposes may be in short supply because of the reduced protein intake associated with chronic food deprivation. In addition, because breakdown of body proteins is the major contributor to the overall flux of amino acids (1) , our finding that whole-body protein breakdown rate is slower in children with SCU compared with the rate at recovery (2) suggests a severe combined shortage in the availability of amino acids in children with SCU. Whereas such a reduction in availability will be especially true for the indispensable amino acids, supply of the dispensable amino acids also will be compromised unless there is an up-regulation of de novo synthesis. This may not be possible for a dispensable amino acid such as tyrosine whose precursor is the indispensable amino acid phenylalanine. Because tyrosine is the precursor of the neurotransmitters dopamine, noradrenaline and adrenaline and of the thyroid hormones and melanin, a shortage of tyrosine (or its precursor, phenylalanine) may be involved in the pathogenesis of the neurological and metabolic abnormalities and skin changes associated with SCU.
Once the acute problems of SCU have been treated, the goal is to hasten catch-up growth of the children to enable quick return to normal weight-for-height. Usually this is achieved using energy-dense diets, also enriched with proteins and other nutrients. Estimated requirements for proteins and amino acids during the rapid catch-up growth phase have been based on assumptions about the composition of tissue gain, the magnitude of the maintenance values for protein and energy, the efficiency of utilisation of dietary protein and energy and the efficiency of net protein and fat deposition (3 -5) . This factorial approach based only on tissue protein content does not account for restoration of other depleted proteins, such as plasma proteins, which happen to have a high content of the aromatic amino acids (6) . Hence, it is not known if the amount of aromatic amino acids supplied in the standard catch-up growth diet is sufficient to meet the demands of increased lean tissue and nutrient transport proteins syntheses and the synthesis of other aromatic amino acid-derived compounds during a period when growth rates may be ten times greater than normal (4) . At present, requirement for phenylalanine during the rapid catch-up growth phase is not known with certainty. A determination of phenylalanine requirement can only be made, however, during an adequate dietary intake of tyrosine. As a first step, the present study aimed to estimate the tyrosine requirement during the rapid catch-up growth phase of children admitted to hospital for treatment of severe undernutrition, using the indicator amino acid oxidation method described by Roberts et al. (7) .
Subjects and methods

Subjects
The participants in the study were thirteen children (five females and eight males), who were admitted for treatment of SCU to the metabolic ward of the Tropical Metabolism Research Unit (TMRU) of the University of the West Indies. During hospitalisation, the children were managed according to a standard treatment protocol as previously described by us (for example, Jahoor et al. (2) ). As shown in Table 1 , the children were aged about 9 months and had a deficit in body weight-for-age of more than 20 %. The diagnosis of type of SCU, that is marasmus, kwashiorkor or marasmic kwashiorkor, was based on the Wellcome classification (8) .
Of the children, nine were diagnosed with marasmus, two with kwashiorkor and two with marasmic kwashiorkor. At admission, all of the children had evidence of one or more infections, all were anaemic and six were hypoalbuminaemic.
The present study was conducted according to the guidelines laid down by the Declaration of Helsinki and all procedures involving subjects/patients were approved by the Medical Ethics Committee of the University Hospital of the West Indies and the Baylor Affiliates Review Board for Human Subject Research of Baylor College of Medicine. Written informed consent was obtained from at least one parent of each child enrolled.
Study design
Tyrosine requirement was measured at about 19 d after admission when the subjects were considered to be at the mid-point of their rapid catch-up growth phase and they were consuming 627·3 kJ and about 3·5 g protein/kg per d. At this time the subjects had lost all signs and symptoms of infection, those with kwashiorkor and marasmic kwashiorkor had lost their oedema and the children's weights were increasing rapidly (Table 1) .
A constant infusion of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]phenylalanine was used to determine tyrosine requirement.
During the catch-up growth phase of our treatment protocol a diet high in energy and other nutrients is usually fed every 3-4 h as dictated by the child's appetite and documented intakes are usually in the range 627·3 -752·8 kJ and approximately 2·3 -4·2 g protein/kg per d. Fig. 1 .
Experimental diet
Individual feeds were prepared for each subject and administered at the rate of 4·3 ml/kg per h during the isotope infusion protocol. At this rate it provided 627 kJ and 3·5 g protein/kg per d, with protein contributing 9·3 % of total energy. The feed was prepared from Bionan milk powder (Nestlé SA, Vevey, Switzerland) and purified amino acids. Table 2 shows the composition of 1 litre of the experimental feed used to provide the lowest level of tyrosine (47·6 mg/kg per d). Additional tyrosine was added in graded amounts (0·185, 0·37, 0·74, 1·11, 1·48 g) to provide the other five test levels of tyrosine. The N content of the feed was kept constant when the tyrosine intake was varied by adjusting the amount of glutamic acid (respectively, 4·36, 4·21, 3·91, 3·61, 3·31 g) added to the feed.
Choline, calcium lactate, glucose and maize oil were added to match the amount of these nutrients in an equivalent amount of Bionan. A stock solution (32·13 mg amino acids/g solution) of fourteen soluble amino acids (isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, valine, histidine, alanine, glycine, proline, serine and taurine) was prepared in water in the same proportions as present in Bionan milk and used to prepare the feed. The less soluble Table 1 . Characteristics of thirteen children with severe childhood undernutrition at admission and at the time of their study † (Mean values with their standard errors) Admission (n 13) Study (n 13)
* Mean value was significantly different from that at admission (P, 0·05; two-sided paired t test). † Of the subjects, nine had marasmus, two kwashiorkor and two marasmic kwashiorkor according to the Wellcome classification (8) . ‡ df ¼ 12.
amino acids were added as individual solids. All ingredients were blended thoroughly. The amino acid composition of the 3·5 g protein/kg per d administered to each child is shown in Table 3 . The protein content was determined as the sum of the elemental amino acids and the protein content of the Bionan milk formula as stated on the label. The percentage of the total metabolisable dietary energy derived from protein, fat and carbohydrate was 9·5, 40·1 and 50·2, respectively. The diets were supplemented with vitamins (Tropivite; Federated Pharmaceuticals, Kingston, Jamaica), a mineral mix of K, Mg and Zn salts (37·28 g KCl þ 50·84 g MgCl 2 ·6H 2 O þ 3·36 g Zn(CH 3 COO) 2 ·2H 2 O per litre water; Sigma, Atlanta, GA, USA) and iron sulfate (60 mg/d).
Infusion protocol
A diagram of the experimental protocol is shown in Fig. 1 . An intravenous access site was established in an arm for infusion of the [ ]sodium bicarbonate (Cambridge Isotope Laboratories, Woburn, MA, USA) were prepared in NaCl (9 g/l). After 2 h of intragastric feeding, two breath samples were taken, a prime of [ 13 C]sodium bicarbonate (6 mmol/kg) was given followed by a primed-constant infusion of [ 13 C]phenylalanine (prime ¼ 7 mmol/kg, infusion ¼ 7 mmol/kg per h) for the next 12 h via the intragastric route. After every 4 h, the feed was changed to increase the tyrosine intakes first to 71·1 and then to 95·1 mg/kg per d as shown in Fig. 1 . Breath samples were collected at 20 min intervals from 3 to 4, 7 to 8 and 11 to 12 h after the isotope infusion started. CO 2 excretion rate was measured for 0·5 h in each of the three periods using a ventilated canopy system (Deltatrac 11 metabolic monitor; Sensormedics, Yorba Linda, CA, USA) while lying awake on a hospital bed. At the start of the project, an attempt was made to make more CO 2 excretion rate measurements, but this was not tolerated well by the children. After a 1 d interval, the protocol was repeated at tyrosine intakes of 148, 195 and 242 mg/kg per d.
Sample analyses
The breath samples were analysed in duplicate for 13 C abundance in CO 2 by gas-isotope-ratio MS (Europa Scientific, Crewe, Cheshire, UK), monitoring ions at m/z ratios 44 and 45. Plasma amino acids were isolated by ion exchange (Dowex 200x; Dow Chemical Co., Midland, MI, USA) chromatography, converted to the n-propyl ester, heptafluorobutyramide derivative and the isotopic enrichments of tyrosine measured by negative chemical ionisation GC-MS, selectively monitoring ions at m/z ratios 595 to 596. 
Calculations
Tyrosine requirement was calculated from the relationship between its intake and F
13
CO 2 during the [ 13 C]phenylalanine infusion using the method described by Roberts et al. (7) . This method is based on the thesis that when dietary intake of phenylalanine is adequate but tyrosine intake is insufficient to meet metabolic demands and to maintain its pool, tyrosine derived from phenylalanine will be utilised primarily for anabolic purposes. In this situation tyrosine oxidation will be minimal, reflecting its obligatory oxidation. Hence F 13 CO 2 from infused [ 13 C]phenylalanine will be constant. When dietary tyrosine intakes are increased beyond requirement, however, the excess tyrosine will be oxidised to CO 2 . This will include both labelled and unlabelled tyrosine derived from phenylalanine. Hence, [ ]tyrosine) will increase proportionally and this will be reflected in a progressive increase in F 13 CO 2 . This was confirmed by Roberts et al. (7) who showed that both F 13 CO 2 and phenylalanine oxidation were constant at lower intakes of tyrosine then increased linearly as tyrosine intakes increased beyond 66 and 82 mg/kg per d, respectively, in infants.
The F 13 CO 2 data from two subjects were excluded from the analysis due to technical difficulties during the experiments. Tyrosine intakes and corresponding F 13 CO 2 values for each subject are reported in Table 4 . An estimate of the mean requirement was derived by breakpoint analysis with a twophase linear regression cross-over model using the mixed procedure of SAS software (version 9.2; SAS Institute Inc., Cary, NC, USA) with subject as a random effect (7, 9) . This model allows the data points to be partitioned between two separate regression lines that minimise the residual error. The F 13 CO 2 (dependent variable) values of each subject were partitioned to the tyrosine intakes of each subject with data points fitting either a flat line (zero slope) representing obligatory phenylalanine oxidation when tyrosine intakes are inadequate or an upward sloping line representing increased phenylalanine oxidation when tyrosine intakes are above requirement (7, 9) . The breakpoint of the two linear regression lines was considered representative of the group mean tyrosine requirement. F 13 CO 2 was calculated from: V CO 2 £ 44·6 £ E CO 2 , where E CO 2 is the enrichment of CO 2 excreted in breath and the factor 44·6 converts V CO 2 from ml/kg per min to mmol/kg per min.
Statistics
Data are expressed as mean values with their standard errors. The paired t test was used to compare clinical and physical characteristics of the subjects at admission and at the time of their study. ANOVA was used to determine differences in F 13 CO 2 at different tyrosine intakes. Tests were considered statistically significant if P,0·05. Data analysis was performed with SAS software (version 9.2; SAS Institute, Inc.).
Results
At the time that they participated in the study at about 19 d post-admission, the subjects were considered to be at about the mid-point of their rapid catch-up growth phase, as they were consuming about 627·3 kJ and about 3·5 g protein/kg per d and gaining weight at 15 g/kg per d (Table 1) . At this time the subjects had lost all signs and symptoms of infection and those with kwashiorkor and marasmic kwashiorkor had lost their oedema. Compared with values at admission, the children's weights, weight-for-age, weight-for-length, Hb and albumin were significantly higher (P, 0·05), while body temperature was significantly lower (P, 0·05) ( Table 1) .
The mean tyrosine intakes of the eleven subjects used in the analysis were 48 (Fig. 3) . This value represents an estimate of the mean tyrosine requirement of children with SCU during their rapid catch-up growth phase.
Discussion
In the present study we aimed to determine the tyrosine requirement of severely undernourished children during the rapid catch-up growth phase of treatment. In our current rehabilitation feeding protocol, the amount of food, hence energy and protein, consumed by the children during the rapid catch-up growth phase is based on their appetite. Usual intakes range from 418·2 to 752·8 kJ and 2·3 to 4·2 g protein/kg per d. Tyrosine requirement was measured when the children's daily intakes had reached about 627·3 kJ and 3·5 g protein/kg per d, i.e. about the mid-point of their catch-up growth period. Based on the amino acid composition of Bionan milk protein (1 whey:1 casein), the children were consuming 165·5 mg tyrosine/kg per d at this time. The two-phase linear regression cross-over model used to analyse our data gives an estimate of mean tyrosine requirement of about 99 mg/kg per d, which is about 40 % less than the amount that was being consumed by the children at this phase of their recovery from SCU. Hence, the energy-dense rehabilitation diet traditionally used in the TMRU ward during the rapid catch-up growth phase of treatment seems to provide a more than adequate amount of tyrosine to the children.
It is possible that there is a difference in tyrosine requirement between the male and female children because sex might contribute to variation in the demand for protein and amino acids (10) . However, further studies are required to assess such an effect which is, also, not quantified in normal healthy children (10) . One advantage of the method that we used over the traditional N balance technique is the finding of Zello et al. (11) that prior adaptation to the test amino acids is not needed. On this basis, we assume that there is no significant carry-over effect from one level of tyrosine to another. For at least 2 d before the isotopic measurements, the children were fed protein and energy at the same rate as for the study period to allow for adaptation to the level of protein intake as recommended by Thorpe et al. (12) . However, a limitation of the method is that the feeds with different levels of tyrosine were not given in random order. It is, also, assumed that the measurement of CO 2 excretion rates for only 0·5 h is representative of the 4 h duration for each level of tyrosine tested. At the start of the investigation, an attempt was made to make more measurements during the test periods, but the children became fussy and uncomfortable.
It is important to point out that the rate and extent of catchup growth will vary depending on the degree of wasting and stunting as well as according to the density of energy and nutrients of the food provided or available (10) . For these reasons, our estimate of tyrosine requirement cannot be generalised to all conditions of catch-up growth. In the present study, the estimation of tyrosine requirement is mainly associated with restoring weight-for-height because peak velocity for catch-up in height growth commences after restoration of weight-for-height (13) . Also, because the requirement of an amino acid is predominantly for maintenance of protein synthesis and other metabolic pathways, and for new lean tissue deposition, the need for tyrosine during catch-up growth will be different with variation in rate of growth and extent of lean tissue deposition. There is evidence for variation in the rate and composition of weight gained depending to a large extent on differences in dietary energy and protein content (14 -16) . Moreover, when Spady et al. (17) used a single high-energy diet for catch-up growth, they reported that weight gain measured between days 7 and 14 varied from 3·2 to 21·5 g/kg per d. Therefore, although we used a typical catch-up growth diet enriched in energy and nutrients, the estimated value for tyrosine requirement derived in the present study is conditional on the composition of the treatment diet used, rate of weight gain and amount of lean tissue deposited in the children. Lean tissue deposition, which was not measured in the present study, can be limited by the protein: energy ratio of the diet (10, 15, 16) . It has been estimated that at high rates of catch-up growth (10-20 g/kg per d), a high rate of fat deposition is expected with a protein:energy ratio up to 0·07, and normal composition of weight gain is expected with a ratio up to 0·15 (16) . In the present study, protein contributed 9·3 % of dietary energy and the children were growing at a fast rate of about 15 g/kg per d.
Although we did not measure lean tissue deposition, based on our previous measurement of body composition measurement during catch-up growth in children using the same rehabilitation diet, if we assume that 80 % of the new tissue is fat-free mass (18) of which about 20 % is protein, then it can be estimated that the children were depositing about 2·4 g protein/kg per d. With a protein intake of 3·5 g/kg per d, this translates to an efficiency of utilisation of 69 %, which is in close agreement with the value of about 66 % calculated from the N balance data reported by us in a previous study of severely undernourished children during the catch-up growth phase (14) . Assuming that tyrosine is Values are means at six tested tyrosine intake levels, from pooled data of all observation (n 66) and all subjects (n 11), with standard errors represented by vertical bars. The intersection of the two regression lines (breakpoint) represents the mean tyrosine requirement of 98·8 mg/kg per d.
2·55 % of human whole-body protein (13) , then it can be calculated that 61·2 mg tyrosine/kg per d, i.e. 62 % of estimated requirement, was being utilised to synthesise new body proteins for the net accumulation of lean tissue. If we were to assume that the phenylalanine intake, which was fixed at 140 mg/kg per d, was a fair estimate of the children's requirement at this time, then the ratio of phenylalanine to tyrosine requirements of SCU children during catch-up growth will be 59:41, which is similar to the 55:45 ratio of these two amino acids in body tissue (19) . Also, this is close to the phenylalanine to tyrosine requirements ratios reported by Roberts et al. (7, 20) for neonates (56:44) and adult males (60:40). Although tyrosine is considered a nutritionally dispensable amino acid, because it can be synthesised de novo, there is a high demand for this amino acid as a precursor molecule for the synthesis of numerous proteins, peptides and metabolites, more so during the accelerated protein deposition of the catchup growth phase. Our finding suggests that the children were consuming a more than adequate amount of protein to satisfy their tyrosine requirements at this phase of treatment. We now plan to conduct a similar study to estimate the phenylalanine requirement of children with SCU during the catch-up growth phase of recovery using a diet that will provide tyrosine based on its requirement as estimated in the present study.
